We carry out a detailed strong lensing analysis of a sub-sample of eight galaxy clusters of the Cluster Lensing And Supernova survey with Hubble (CLASH), in the redshift range of z cluster = [0.23 − 0.59], using extensive spectroscopic information, primarily from the Multi Unit Spectroscopic Explorer (MUSE) archival data and complemented with CLASH-VLT redshift measurements. The observed positions of the multiple images of strongly lensed background sources are used to constrain parametric models describing the cluster total mass distributions. Different models are tested in each cluster depending on the complexity of its mass distribution and on the number of detected multiple images. Four clusters show more than five spectroscopically confirmed multiple image families. In this sample, we do not make use of families that are only photometrically identified, in order to reduce model degeneracies between the values of the total mass of a cluster and of the source redshifts, and systematics due to the potential misidentifications of some multiple images. For the remaining four systems, we use additional families without any spectroscopic confirmation to increase the number of strong lensing constraints up to the number of free parameters in our parametric models. We present spectroscopic confirmation of 27 multiply lensed sources, with no previous spectroscopic measurements, spanning over the redshift range of z src = [0.7 − 6.1]. Moreover, we confirm an average of 48 galaxy members in the core of each cluster, thanks to the high efficiency and large field of view of MUSE. We use this information to derive precise strong lensing models, projected total mass distributions and magnification maps. We show that, despite having different properties (i.e., number of mass components, total mass, redshift, etc), the projected total mass and mass density profiles of all clusters have very similar shapes, when rescaled by independent measurements of M 200c and R 200c . Specifically, we measure the mean value of the projected total mass of our cluster sample within 10 (20)% of R 200c to be 0.13 (0.32) of M 200c , with a remarkably small scatter of 5 (6) %. Furthermore, the large number of high-z sources and the precise magnification maps derived in this work for four clusters add up to the sample of high-quality gravitational telescopes to be used to study the faint and distant Universe.
Introduction
The importance of galaxy cluster strong lensing in cosmological studies has increased significantly in the last years, thanks to high quality data from extensive observational programmes, using photometry and spectroscopy. Strong lenses can be used for different purposes, such as to study the details of the total mass distribution in galaxy clusters, to identify and characterize intrinsically faint but highly magnified sources at high-redshifts, and to probe the background geometry of the Universe (for a review see Kneib & Natarajan 2011) . For instance, gravitational lensing studies (e.g., Sand et al. 2004; Newman et al. 2013a,b) have indicated that the inner slope of the dark-matter mass density profile of massive clusters is flatter than the canonical NavarroFrenk-White profile (NFW, Navarro et al. 1996 Navarro et al. , 1997 Moore et al. 1998; Gao et al. 2012) . On the other hand, hydrodynamical simulations have shown contrasting results, whether baryonic processes produce a shallow dark matter profile (Martizzi et al. 2012) or are in agreement with the NFW model (Schaller et al. 2015) . To clarify observationally this discrepancy found in simulations, it is necessary to perform accurate strong lensing analyses using a large sample of spectroscopically confirmed multiple e-mail address: caminha[at]astro.rug.nl. The strong lensing models and the full redshift catalogues from the MUSE observations will be made publicly available upon the acceptance for publication of this manuscript.
image families, i.e. strong lensing constraints, in order to provide reliable measurements of the inner total mass density.
Moreover, the gravitational lensing magnification effect produced by clusters across a relatively large area of the sky has been used to select candidates of the most distant galaxies in the Universe (z 9, Coe et al. 2013; Bouwens et al. 2014; Zitrin et al. 2014; Salmon et al. 2018) . Therefore, lensing fields are good targets to push the detection limits of current instrumentation towards the faint and far population of galaxies (Atek et al. 2015 (Atek et al. , 2018 Bouwens et al. 2017) . Studies of background faint galaxies at lower redshifts z ≈ 3 − 6 (Caminha et al. 2016b; Patrício et al. 2016; Hernán-Caballero et al. 2017; Smit et al. 2017; Vanzella et al. 2017a Vanzella et al. ,b, 2019 have also greatly benefited from the enhanced spatial resolution and amplified flux produced by the gravitational lensing effect. All this is leading to some important insights on the evolution and characterization of galaxies, indicating that this faint population might be important for the reionization of the Universe (Yue et al. 2014; Bouwens et al. 2015; Robertson et al. 2015) .
Pursuing this large variety of applications, several observational efforts, such as the Cluster Lensing And Supernova survey with Hubble (CLASH, Postman et al. 2012) , the Hubble Frontier Fields (HFF, Lotz et al. 2017) and, more recently, the Reionization Lensing Cluster Survey (RELICS, Salmon et al. 2017; Coe et al. 2019) , have spent a total of ≈ 1300 orbits of the Hubble Space Telescope (HST), providing homogeneous photometry in A&A proofs: manuscript no. main optical and near infra-red filters, with limiting magnitudes in the range of mag F160W = 27.5 − 28.7 (5σ detection for point sources within 0 .8 radius) for 68 lens galaxy clusters. However, in order to probe in detail the total mass distribution of lens clusters and the physical properties of lensed background sources, it is crucial to have extensive spectroscopic information about multiple image families and cluster members to build precise and highresolution mass and magnification maps (see e.g., Grillo et al. 2015; Caminha et al. 2016a; Johnson & Sharon 2016 ). Therefore, different spectroscopic campaigns have targeted subsamples of these clusters confirming high-redshift candidates, multiple images and cluster members. Using HST, the Grism LensAmplified Survey from Space (GLASS, Treu et al. 2015) has obtained relatively low resolution grism spectroscopy in the inner core (≈ 5 arcmin 2 ) of ten clusters. The CLASH-VLT ESO Large programme carried out a panoramic spectroscopic campaign of 13 southern CLASH clusters using the VIsible MultiObject Spectrograph (VIMOS), covering ≈ 0.1 deg 2 in each cluster (Rosati et al. in prep, Grillo et al. 2015; Balestra et al. 2016; Monna et al. 2017) .
The Multi Unit Spectroscopic Explorer (MUSE, Bacon et al. 2014) has driven a revolution in strong lens studies of galaxy clusters. Its efficiency, field of view of 1 arcmin 2 , and capability of detecting faint emission lines out to z ≈ 6.5 without any source pre-selection are being exploited to expand significantly the spectroscopic confirmation of multiply lensed sources and cluster members that are then used to constrain lens models (see e.g., Grillo et al. 2016; Caminha et al. 2017a,b; Lagattuta et al. 2017; Mahler et al. 2018; Jauzac et al. 2019) . The spectroscopic confirmation of many multiple images is essential to remove some degeneracies between the source redshifts and the cluster total mass. Moreover, this information avoids wrong identifications of counterimages that can significantly limit the accuracy and precision with which the cluster mass and magnification maps are reconstructed.
In this work, we carry out a detailed strong lensing analysis of a subsample of eight CLASH clusters observed by MUSE. The cluster extended names are listed in Table 1 and hereafter we will use their abbreviated names, namely RX J2129, MACS J1931, MACS J0329, MACS J2129, MACS J1115, MACS J0429, RX J1347 and MACS J1311. We also incorporate a relatively small set of CLASH-VLT spectroscopic redshifts to cover the regions external to the MUSE field of view (Rosati et al. in prep.) . Our cluster sample spans the redshift and virial mass ranges of z cluster = 0.234 − 0.587 and M WL 200c = (4.6 − 35.4) × 10 14 M , respectively (these last values were obtained from weak lensing measurements, Merten et al. 2015; Umetsu et al. 2018) . With the exception of MACS J2129, these clusters were selected within the CLASH survey to be dynamically relaxed, based on Chandra X-ray observations (Postman et al. 2012) .
Previous studies have carried out strong lensing analyses on this cluster sample. To mention some recent works, Monna et al. (2017) and Ueda et al. (2018) studied the specific clusters MACS J2129 and RX J1347, respectively. Moreover, the full CLASH 25 cluster sample has been strong (and weak-)-lens analysed by Zitrin et al. (2015) . Our work, using the MUSE spectroscopic data, adds a significant number of new confirmed multiple images used to constrain the lens models. This paper is organized as follows. In Section 2, we present the data used in this work and describe the MUSE observations and redshift measurements. The methodology used in our strong lens modelling is explained in Section 3, and in Section 4 we discuss the results on the total mass distribution of the clusters. Finally, in Section 5, we summarize our conclusions.
Throughout this work, we adopt the a flat ΛCDM cosmological model, with Ω m = 0.3 and H 0 = 70 km s −1 Mpc −1 . The images are oriented with north at top and east to the left, and the angles are measured from the west and oriented counterclockwise.
Data

HST-CLASH
The cluster sample presented in this work has been observed by the CLASH survey, using the ACS and WFC3 cameras onboard HST, in 16 filters from the UV through the NIR (Postman et al. 2012) . The data has been reduced using the Mosaicdrizzle pipeline (Koekemoer et al. 2011 ) and the final co-added science imaging is made publicly available 1 with two different spatial resolutions of 30mas and 65mas per pixel. In Figure 1 , we show the colour composite images of the eight clusters studied in this work, produced from the combination of optical and near IR filters by using the Trilogy code ).
Spectroscopic data
Up to now, a total of 11 CLASH clusters have been observed by MUSE in different programmes. In previous works, we have used deep observations on three targets, MACS J1206, Abell 1063 and MACS J0416 (Caminha et al. 2016a (Caminha et al. , 2017a , where the last two clusters are also part of the HFF initiative. In this work, we make use of archival MUSE data from the ESO programme IDs 095.A-0525, 096.A-0105, 097.A-0909 and 098.A-0590 (P.I. J.-P. Kneib) on the remaining eight clusters. The observations were carried out during the period between 2015-June and 2017-January, with observation blocks (OBs) consisting of two exposures of ≈ 1465 seconds. The fields of view of RX J2129, MACS J2129 and MACS J0429 are composed of two pointings with overlapping areas of ≈ 0.29 arcmin 2 , ≈ 0.12 arcmin 2 and zero arcmin 2 , respectively. The remaining five clusters were observed with one single pointing, of which MACS J1115 and RX J1347 observations are off-centred by ≈ 30 from the corresponding brightest cluster galaxies (BCGs). imaging. Circles show the multiple image positions used as model constraints in our strong lens modelling. We identify in white the families with spectroscopic redshift measurements and in green those for which the redshift value is a free parameter in our models (considered only in our "silver" sample, see Section 3 for more details).
Although having similar exposure times, the dither and rotation pattern of each OB is slightly different in each cluster.
Final exposure times on target of each pointing vary from shallow 0.8 hours to 3.2 hours and the overlapping regions in RX J2129 and MACS J2129 reach ≈ 5.6 hours depth. The summary of MUSE observations is presented in Table 1 and the final fields of view in Figures 2 and 3 . For all exposures, a small dither pattern and 90
• rotations with respect to the original position angle (PA) were applied. We note that for the clusters MACS J2129 and MACS J1931, although they include more than two exposures, only two different rotation angles were used, i.e. the original PA and PA + 90
• . For the other clusters with more than two exposures, all four 90
• rotations were applied. Because of that, in some final MUSE data-cubes the instrumental features were not optimally removed, in particular in the regions between single instrument IFUs.
We follow the standard MUSE reduction procedure, similarly to our previous analyses of other clusters (Karman et al. 2015; Grillo et al. 2016; Karman et al. 2017; Caminha et al. 2017a,b) . We use the MUSE pipeline version 2.4.1 (Weilbacher et al. 2014) to process all raw exposures. Each object exposure is corrected using BIAS and FLAT calibrations of the corresponding night, as well as ILLUMINATION exposures. Moreover, wavelength and flux calibration are applied in order to create the PIXELTABLEs and data-cubes of each exposure. We inspect the wavelength collapsed (white) images and the data-cubes of each exposure, finding no large variations between the observational conditions of most pointings. Two object exposures on Article number, page 3 of 27 A&A proofs: manuscript no. main RX J2129 presented technical problems and were not used in the final stacks (they are not included in the numbers presented in Table 1 ). For the same cluster, one exposure shows a bright satellite track across the field of view, which we mask out by removing the affected slices in order not to contaminate the final stack. After that, we combine the PIXELTABLEs into a final datacube with the final depth and covering the entire field of view of each cluster (see Figures 2 and 3 ). Since the standard reduction pipeline does not have an optimal sky subtraction, we apply the ZAP tool (version 2.1, Soto et al. 2016 ) to remove remaining sky residuals. To do that, we define the sky regions using a combination of the MUSE white images and HST data. The MUSE data-cubes extend from 4750 Å to 9350 Å in wavelength, with an almost constant dispersion of ≈ 1.25 Å, and spatial sampling of 0 .2. The final seeing varies from ≈ 0 .5 to 1 .1 in the final stacked data-cubes (see Table 1 ). The final fields of view of all observations are shown in Figures 2 and 3 .
Since MUSE does not cover the entire HST field of view, we also use a small subset of redshifts from the ESO Large Programme CLASH-VLT (ID 186.A-0798, P.I.: Rosati) that has observed seven of the eight clusters analysed in this work, using VIMOS high-multiplexing capabilities (Le Fèvre et al. 2003) . Note that MACS J0429 is the only cluster in our sample not included in that programme. We refer to the spectroscopic campaign of MACS J0416 (Balestra et al. 2016) as an example of CLASH-VLT observations, which typically extend to approximately two virial radii. A full description of all observations and data processing of the 13 CLASH-VLT clusters will be presented in Rosati et al. in prep.. While VIMOS provides an efficient coverage of the entire cluster volume, over a field of view of ≈ 25 across, the central ≈ 1 − 2 is not adequately sampled with the standard multi-slit strategy due to the rapid increase of targets in the cluster cores (multiple images and cluster galaxies). To this respect, MUSE integral field spectroscopy represents an ideal complement to the VIMOS observations in the cluster cores. Finally, we also incorporate redshifts from the GLASS (Treu et al. 2015) survey that has observed RX J1347 and MACS J2129.
MUSE redshift measurements
Following our previous works, we identify and measure source redshifts in two different manners. Firstly, we use HST detections as a prior to extract spectra centred on these positions and with an aperture of 0 .8 from the data-cubes. Secondly, a continuum subtracted data-cube is created by subtracting a median kernel (with 151 spectral pixel width) in the wavelength axis from each spaxel. The result is a data-cube where continuum emission is removed and emission lines are more easily identified. We visually inspect these continuum subtracted data-cubes in order to identify emission lines from sources with no HST continuum detection and to disentangle emission from nearby sources in projection.
To measure redshifts, we use the one-dimension (spatially averaged) and pseudo two-dimension (in two perpendicular directions) spectra. Similarly to our previous works (see e.g., Caminha et al. 2017a,b) , we analyse the data in order to identify spectral features, i.e. emission or absorptions lines, to measure redshifts. In the cases of sources with continuum emission but no evident features, we use a template matching to help with the identification of faint spectral features. To each redshift, we attribute a quality flag that is related to the reliability of the measurement. The quality flag system has four different categories: QF = 1, the measurement is not reliable; QF = 2, the redshift value is based on a faint, but clearly detected, feature and is likely to be correct; QF = 3, secure measurement from more than one absorption/emission lines; QF = 9, redshift based on a single narrow emission. Cases of objects having a single emission line with clear features that allow us to identify its nature (for instance the Lyman-α profile or O ii doublet) are considered to have secure (QF = 3) redshift measurements. The full sample of all fields presented in this work contains ≈ 900 secure (i.e., QF > 1) redshift measurements of single sources, of which more than 100 have z > 2.9. The first entries of the full catalogue are presented in Table 2 and the entire catalogue will be made available in the electronic version of the paper.
Strong lensing models
To perform the strong lensing modelling, we adopt the same methodology applied in our previous studies of the galaxy clusters Abell 1063, MACS J0416 and MACS J1206. In this work we use the software lenstool (Kneib et al. 1996; Jullo et al. 2007 ). We adopt parametric models to describe the different components of the total mass distribution of each cluster. Moreover, the multiple image positions of the lensed sources are used as constraints to estimate the best-fitting values of the model parameters. In the next subsections, we provide a short description of our methodology and refer to Caminha et al. (2016a Caminha et al. ( , 2017a for more details.
Overall description
For the smooth mass components (i.e., dark matter, intracluster light and hot gas), we use a pseudo-isothermal elliptical mass distribution (PIEMD, Kassiola & Kovner 1993) , that has been shown to describe well such component in previous studies(e.g., Grillo et al. 2015; Caminha et al. 2017b) . A PIEMD profile is characterized by a total of six parameters: the central velocity dispersion (σ v ) and core radius (r core ); the orientation angle (θ) and ellipticity (ε); and the position of the centre (x, y). The ellipticity is given by ε ≡ 1 − b/a, where a and b are the major and minor axis, respectively. The orientation angle θ is defined to be zero in the east-west direction and increases counterclockwise.
Although the separation of the hot gas from the smooth mass component can be done by using X-ray information (Bonamigo et al. , 2018 , the reconstructed total mass profile of a cluster, which is the main focus of this study, does not change appreciably. As illustrated in the works mentioned above, the combination of strong lensing with other cluster mass diagnostics, like X-ray data for the hot gas component and multicolour photometry for the stellar mass component, might lead to interesting results on the precise distribution of the cluster dark-matter component. However, this detailed analysis goes beyond the scope of this study and it is left for a future work.
In order to test possible systematic effects related to the adopted cluster mass parametrization, we also use a generalized NFW profile (gNFW, Zhao 1996; Jing & Suto 2000; Wyithe et al. 2001) for the cluster smooth mass component. This model has the value of the central 3-dimensional slope γ gNFW , besides those of the concentration c and scale radius r s , as free parameters. In this model, the total number of free parameters is seven (including the position of the centre and the values of ellipticity and orientation angle). A value of γ gNFW equal to one translates into the standard NFW model. We remark that this model has a pseudo-elliptical implementation in the lenstool software, i.e. the ellipticity is introduced in the projected lens potential and not in the projected density mass profile. This approximation enables a faster solution of the ray-tracing equation. However, for high values of ellipticity (ε 0.5) it is known to create nonphysical dumbbell shaped projected mass density profiles (Golse & Kneib 2002; Dúmet-Montoya et al. 2012) . We remark here that we use this profile only to compare with our reference PIEMD parametrization.
For the total mass profiles of the galaxy members, we adopt the dual pseudoisothermal mass distribution (dPIE, Elíasdóttir et al. 2007; Suyu & Halkola 2010 ) with zero ellipticity and core radius. Moreover, the centres of the profiles are fixed to the centroids of the light distribution of the selected galaxy members (see Section 3.2). Therefore, each galaxy member has two free parameters, its central velocity dispersion (σ gals v,i ) and truncation radius (r gals cut,i ). Since the total number of observables does not allow us to have two free parameters for each galaxy member, in our models we assume a constant total mass-to-light ratio with the following scaling relations:
where L i is the value of the luminosity of each member in the HST filter F160W and L BCG is the reference luminosity, chosen to be that of the BCG. Hence, all galaxy members are described by the two parameters σ Only for RX J2129 we use the filters F435W and F814W because of its low redshift, for all remaining clusters we use the F814W and F160W bands. Orange circles indicate the spectroscopically confirmed members. The grey region shows our colour cut and the photometric redshift range used to select photometric members is quoted in the legend (see Section 3.2 for more details). Both criteria are used to select the photometric members that are indicated by magenta circles. A summary of the membership selection is shown in Table 3 . a χ 2 function defined as Given the different characteristics of the galaxy clusters in our sample, we explore a range of different models for each of them, from simple unimodal mass distributions to combinations of many different components, in order to find the best fit solution. First, we minimize the χ 2 function for a single smooth mass component plus the galaxy members. However, it is known that that in merging clusters, such as MACS J0416 (Caminha et al. 2017a ), Abell 2744 (Mahler et al. 2018) and Abell 370 (Lagattuta et al. 2017) , multiple smooth mass components are necessary to reproduce well the positions of all multiple images. Therefore, we have optimize models with one and two extra smooth mass components, as well as models with an external shear component. Since the BCG of a cluster undergoes formation and evolution processes that are different from those of the other galaxy members, we also test models where the BCG parameters are free to vary and are not attached to those of the overall scaling relations described by Equations (1). We present the results of our lensing analyses in Section 4.
Membership selection
The cluster member selection is strongly based on our redshift measurements from MUSE in the very central regions and complemented with the CLASH-VLT spectroscopy and CLASH photometry in the outer regions. For the photometric measurements, we use the CLASH public catalogues (Postman et al. 2012; Molino et al. 2017) . Firstly, we select all sources from the MUSE spectroscopic catalogue located within ±4000 km s −1 from the cluster redshift (see Table 3 , column z MUSE spec ). In Figure 4 , we show the colour-magnitude diagrams for the HST filters F814W−F160W (except for RX J2129 that has a low redshift value and for which we used F435W−F814W) where the cluster red sequences are well defined. We use the spectroscopic members to establish a region in colour and photometric redshift spaces where we select members with no measured redshifts. This region is defined by the standard deviation of the colours and the 68% confidence level of the photometric redshift distributions (after applying a sigma clipping to remove outliers) of the members with spectroscopic confirmation from MUSE. The colour ∆ mag and redshift ranges of confirmed members are indicated in Figure 4 . Therefore, we select members with no MUSE measurements that are encompassed by both criteria and brighter than mag F160W = 24. Note that the distribution of photometrically selected galaxies in Figure 4 closely follows the distribution of spectroscopic members, i.e. the so called red-sequence. A summary of the membership is presented in Table 3 , where we quote the number of spectroscopically confirmed members by MUSE and the total number of members in our final selection.
To estimate the contamination and completeness of this selection, we use the CLASH-VLT measurements (besides MACS J0429 that was not observed by this program) in the regions outside the MUSE field of view. Although we do not have the completeness of the CLASH-VLT survey, these estimations give important information about missing members and provide lower limits for the number of interlopers. In Table 3 , we quote the number of photometric members wrongly identified and galaxies with CLASH-VLT redshifts that belong to the cluster (i.e. are within ±4000 km s −1 from the cluster), but were not selected by our criteria. The completeness of our sample is relatively high, around ≈ 80% − 90%, thanks to the large number of spectroscopic confirmations of galaxy members. We remark that members with CLASH-VLT confirmation, but not selected with our photometric criteria, are included in the strong lensing models. Likewise, spectroscopic interlopers are removed from the final membership samples. While VIMOS incomplete spectroscopy always leads to some possible membership contamination, MUSE integral field spectroscopy ensures highly pure samples of cluster galaxies in its field of view.
In Figures 2 and 3 , we show the selected galaxy members used in our strong lens models. We indicate the members with MUSE confirmation and galaxies selected using the colourphoto-z cuts (see Figure 4) . Members with spectroscopic confirmation from CLASH-VLT but not selected by our photometric criteria are also marked. We note that within the MUSE field of view only a very small fraction of members does not have spectroscopic confirmation. These galaxies are usually very faint or the contamination/confusion with nearby bright sources (caused by the atmospheric seeing) makes a secure spectroscopic confirmation difficult.
Multiple-image identification
In order to build reliable lensing models, we base our identification of multiple image families on spectroscopic confirmations. To identify multiple images of the same source, we select entries in our MUSE and VIMOS (Rosati et al. in prep.) catalogues with similar redshifts (considering only measurements with QF greater than one) and inspect the HST images to verify if their positions, colours and parities are in agreement with what we expect from strong lensing theory. We note that some Lyman-α emitters have no clear detection in the CLASH photometry, but their line profile, position and, in some cases, their spatial morphologies ensure a secure identification of a multiple image family. In these cases we use the centroid positions of the MUSE detections in the lens modelling. With this first set of spectroscopic constraints, we build a preliminary version of strong lensing models and compute the model predicted positions of all other sources with measured redshifts behind the clusters.
When a model predicts that a source is multiply imaged, we check the HST images for possible photometric counterparts near the model predicted positions. In this step, we add to our set of multiple images only those with unambiguous photometric identification and with correct parity and colours. This allows us to include multiple images that are outside the MUSE field of view or too faint (given the different lensing magnification of each multiple image) to be spectroscopically confirmed. The images selected in this way always belong to a family with measured redshift and are considered secure identifications. In Figure 1 , we show the positions of all multiple images used in our models and in table A.2 we list their positions, MUSE redshifts and previous measurements from the literature, when present. Moreover, in Figure A .1, we show the spectral features used to measure the multiple image redshifts from the MUSE spectra.
We are able to confirm all previously published redshift measurements of the multiple images within the MUSE field of views, except for family 11 behind MACS J2129. This system was confirmed at z = 6.85 by Huang et al. (2016) using HST grism and Keck/DEIMOS data. At this redshift, the Lyman-α line is outside the MUSE wavelength range, that extends out to 9350Å, corresponding to a maximum limit of z ≈ 6.69 to detect this line. Moreover, for family 9 behind MACS J0329 (see also Zitrin et al. 2012) , we make use of archival ESO/FORS2 data to support our MUSE measurement of z ≈ 6.1, using the Lymanbreak detection, and assign to this redshift a QF MUSE = 2. The ESO/FORS2 observations were obtained under the ESO programme ID 096.A-0650 (P.I. Vanzella) and the reduction was performed using the same methodology described in Vanzella et al. (2011 Vanzella et al. ( , 2014 . The multiple images 9b, 9c, and 9d were observed with an exposure time of 11 hours each, i.e. a total of 33 hours on the same source. In Figure 5 , we show the stacked one-dimensional spectrum and the two-dimensional signal to noise ratio and sky emission. The spectrum shows a clear feature around 8720Å that we associate to the break at 1215.7 Å rest-frame. This break is in very good agreement with the MUSE data (see Figure A .1) and supports our measurement. In total, we present 27 new spectroscopic measurements of multiple image families and confirm other ten with previous redshift determinations.
We note that there are four clusters with a large number of spectroscopically confirmed families (N spec > 5, namely RX J2129, MACS J1931, MACS J0329, and MACS J2129), and four with a smaller number of strong lensing constraints (MACS J1115, MACS J0429, RX J1347 and MACS J1311). For the second group, in order to have a larger number of observables to constrain the values of the free parameters of the models, we also include multiple image families without spectroscopic confirmation. To do that, we inspect previous identifications available in the literature (see e.g., Zitrin et al. 2015 therein) and again select multiple images based on their positions, colours and parities. For these families, we use the photometric redshift estimates from Molino et al. (2017) to build priors for the strong lensing models. We assume flat priors for the redshift values, where the lower and upper limits are taken as the minimum and maximum of the 68% confidence levels of all images of each source (excluding the cases where there is clear contamination from bright nearby objects). In Table A .2, within brackets, we show the allowed redshift range of each family, that we use in the model optimization and sampling.
Because of this difference between the number of spectroscopic confirmations and the use of multiple image families selected from the photometric data only, we treat the two sample of clusters separately. We refer to the sample of clusters with good constraints as "gold" sample and explore a variety of parametrizations with increasing complexity. Conversely, the small number of multiple images of the second sample, called "silver", does not allow us to test models with a large number of free parameters. Therefore, we consider only a unimodal smooth mass component, except for RX 1347 that has two very bright central galaxies and is known to be a merging system (see e.g., Schwarz et al. 1992; Allen et al. 2002; Ueda et al. 2018 ).
Strong lensing model results
As mentioned in Section 3.1, we use a bottom-to-top approach in order to find the mass model that better reproduces the positions of all multiple lensed images. We first consider simple models with one smooth PIEMD mass component plus galaxy members. Since merging clusters or systems with high asymmetries in their mass distributions cannot reproduce the observed positions of all multiple images with only one smooth component (see e.g., Lagattuta et al. 2017; Caminha et al. 2017b) , we gradually increase the complexity of our models by including additional smooth mass components and allowing values of the BCG parameters to vary independently from those of the other cluster members. These different models are tested for our "gold" sample of clusters, whereas in the "silver" sample we do not have enough constraints. Therefore, in these last four clusters we consider only simple models.
For each model, we compute the values of the best fitting ∆ rms and χ 2 min , considering a positional error σ obs j = 0 .5 for all multiple images. We use this value of the positional errors to account for mass perturbers along the line of sight and limitations of parametric models. This is in agreement with some theoretical predictions (Host 2012) and estimates obtained from real data (Chirivì et al. 2018) . In Table 5 , we summarize all models we optimize in our sample and give the numbers of free parameters (N par ) and degrees of freedom (DOF ≡ number of constraints − N par ). Moreover, we also show the values of the Bayesian information criterion (BIC, Schwarz 1978) and of the Akaike information criterion (AIC, Akaike 1974). These two quantities are particularly important to select the best model, balancing between the goodness of the fit and the number of free parameters. Therefore, the models with smaller BIC and AIC values are selected to be our reference models. We note that both BIC and AIC values select the same reference model for each cluster.
For the reference models (indicated in bold in Table 5 ), we run lenstool also in the sampling mode to obtain the posterior distribution of each model parameter. Although the values of the χ In addition to the best PIEMD models, we also sample a model with a gNFW profile for the main smooth mass component, to quantify the dependence of the reconstructed total mass distribution on the specific choice of the smooth mass profile. We remark that the pseudo-elliptical implementation of the gNFW profile in lenstool might lead to unphysical projected mass density distributions (see Section 3.1). We use these models only for the sake of comparison with our reference models.
In the following subsections, we briefly discuss the details of the strong lensing models of all eight clusters.
RX J2129
The multiple images of RX J2129 are located within ≈ 100 kpc from the cluster centre and out to z src = 3.43, the smallest redshift range for our "gold" lenses. The positions of the galaxy members and of the multiple images (see Figures 2 and 1 ) suggest a fairly regular total mass distribution, although some asymmetry in the intracluster light (ICL) towards the South-West region can be noted.
The observed positions of all 22 multiple images are well reproduced, with ∆ rms = 0 .2, by a single smooth mass component plus the galaxy members. The inclusion of extra smooth mass components reduces further the value of ∆ rms , but the increased values of the BIC and AIC do not justify these extra free parameters. RX J2129 is also the least massive cluster in our full sample, with M SL (< 200 kpc) ≈ 1.2 × 10 14 M . We note that in previous strong lensing analysis, presented in Zitrin et al. (2015) , one multiple image belonging to family ID 2 was wrongly assigned. Multiple image 2a here (with z MUSE = 0.916, see Ta- (a) Total mass value projected within a circle with a radius of 200 kpc computed using our strong lensing reference models, as described in Table 5 .
(b) Clusters with shallow MUSE data (< 1 hour) or with a small number of spectroscopically confirmed multiple images. Fig. 6: Top row: cumulative projected total mass profile out to R = 470 kpc from our reference lensing models using the PIEMD (blue) and gNFW (magenta) profiles for the main smooth mass component. Red and green regions show the models from Zitrin et al. (2015) with the two parametrizations NFW and LTM, respectively. Bottom row: Same for the total surface mass density profile. The areas correspond to the 95% confidence level regions from 1000 random realizations of our models and 100 for the NFW and LTM models. Vertical lines indicate the distances from the BCG of the multiple images used to constraint the cluster total mass model in this work (black) and in Zitrin et al. (2015) (red, mainly with no spectroscopic measurements). The position of the centre used to compute the profiles in each realization is given by the centre of mass estimated within a circle of 10 radius from the BCG. ble A.2; their image ID 5.3) was wrongly assigned to a nearby foreground object, located ≈ 4 from the correct one, and with z MUSE = 0.671.
MACS J1931
MACS J1931 shows a strong BCG activity and an indication of a current infalling process of some galaxy members. However, its multiple image positions and X-rays emission indicate a regular total mass distribution. Our strong lens model is composed of two smooth mass components in addition to the galaxy members. The first smooth component is located very close to the BCG centre and has a fairly low ellipticity value (ε ≈ 0.56, see Table A .1). A second smooth mass component with circular symmetry reduces significantly the best fitting ∆ rms and is favoured by the information criteria. This component is located relatively far (≈ 300 kpc) from the cluster centre, however its position is not well determined by the available strong lensing constraints alone. We remark that, in previous works on the cluster Abel 2744, Jauzac et al. (2016) discussed the detections of extra smooth mass components within 500 kpc from the cluster centre by using a combined weak plus strong lensing analysis. Furthermore, in the strong lensing only analysis of the cluster core presented in Mahler et al. (2018) , the authors show that the inclusion of extra mass components in the outer regions improves the overall figure of merit when comparing to a model with a single smooth Article number, page 11 of 27 A&A proofs: manuscript no. main Figure 6 , but for the "silver" sample, i.e. the four clusters with lower number of strong lensing constraints. mass component and an external shear term. We can argue that this case is similar to that of MACS J1931. However, no detailed weak lensing study focusing on the detection of possible substructures is available for this cluster.
MACS J0329
In this cluster, all multiple images are located around the SouthEast BCG (see Figure 1) , however the second BCG located in the North-West indicates an undergoing or recent merging event. In order to reproduce well the positions of all multiple images, a second smooth mass component must be included around the second BCG. This model improves significantly the final ∆ rms and is accepted by the BIC and AIK criteria. We note that no secure multiple image systems or photometrically selected candidates are present around the North-West BCG, making our strong lensing constraints weaker in that region. Although an elongated gravitational arc is visible near the North-West BCG, this is not multiply lensed and does not add constraints to our models.
Our best-fit strong lensing model of MACS J0329 is composed of two smooth mass components, close in projection to the two BCGs and an external shear term (see Table 5 ). Moreover, the information criteria reject models with a third smooth mass component, favouring the inclusion of an external shear term.
MACS J2129
MACS J2129 is the cluster with the largest set of multiple images (i.e. strong lensing constraints) in our sample. Although the spectroscopic data have qualities similar to those of other clusters in this work, its higher redshift (z ≈ 0.6) and total mass probably make it a more efficient gravitational lens. The most recent strong lensing model, presented in Monna et al. (2017) , made use of eight multiple image families, for which six were spectroscopically confirmed by CLASH-VLT and GLASS. The five new confirmations of multiple image families presented in this work highlights the high efficiency of MUSE over previous surveys in the cores of galaxy clusters.
The best-fit model is composed of two smooth mass components, one centred near the BCG and the other located ≈ 38 (≈ 250 kpc) south from the cluster centre. Interestingly, the position of this second smooth mass component lies close to a group of cluster members and an arclet (not multiply lensed) candidate.
MACS J1115
As discussed in Section 3.3, four clusters have a small number (< 5) of spectroscopic multiple image families. These clusters form our "silver" sample and MACS J1115 belongs to it. MUSE observations were carried out off-centred with respect to the BCG and located ≈ 40 towards the North-West direction, see Figure 3 . In addition to the two spectroscopic families (one confirmed by MUSE and the other by CLASH-VLT), we include a family with three multiple images with secure identification from the HST data (see Figure 1) . The positions of all multiple images is recovered by one single smooth mass component with ∆ rms = 0 .61. The low number of constraints does not allow us to test more complex mass model.
MACS J0429
To model MACS J0429, we use the constrains from three multiple image families, two of which have spectroscopic confirmation from MUSE. The third family shows an Einstein Cross con-figuration with four clear detections in the HST images. Three multiple images (IDs 3.b, 3.c and 3.d) have a relatively secure photometric redshift value in the range [1.64 − 1.79], whereas the fourth (ID 3.a) is strongly contaminated by the BCG. Our model with one smooth mass component can reproduce well the positions of all multiple images, with ∆ rms = 0 .32.
RX J1347
RX J1347 is a very massive cluster at z cluster = 0.451 with M 200crit = (3.54 ± 0.51) × 10 15 M from weak lensing only measurements (see Table 4 ), and shows two bright central galaxies. For the membership selection of this cluster we have also included five redshifts from Cohen & Kneib (2002) and two from Verdugo et al. (2012) , in addition to the CLASH-VLT and GLASS measurements, in our spectroscopic sample. By using X-ray and Sunyaev-Zel'dovich observations, Ueda et al. (2018) argues that this cluster is likely to be undergoing the first passage of a major merging event and shows that the intra cluster medium has been perturbed by this event. In Ueda et al. (2018) , the most recent strong lensing model of this cluster is presented, using the software GLAFIC (Oguri 2010) . The authors consider a set of strong lensing constraints very similar to that in Zitrin et al. (2015) . Moreover, they include a family containing six multiple images (family ID 3 of Ueda et al. 2018 ). This family has no spectroscopic confirmation and for some images the lensing effect is dominated by the mass distribution on the scale of galaxy members. Since the identification of some images cannot be considered secure due to significant differences between the model-predicted values of magnification and parity from the strong lensing model and those observable in the HST data, we decide not to include this family in our model. In addition, we remove multiple images with dubious photometric identification. As a result, we use 11 multiple images with photometric identification only (belonging to four families) in addition to the six multiple images with MUSE redshifts (three families) and one family (with three multiple images) with previous spectroscopy (Bradač et al. 2008; Halkola et al. 2008) . We note that further deep and wide MUSE observations will become available in the near future and will likely provide a larger number of strong lensing constraints, that will clarify any apparent inconsistency in the models.
As in the previous strong lensing models of this cluster, we have to consider two smooth mass components in order to reproduce the positions of all multiple images. Moreover, we show that an external shear component improves significantly the best fitting model with no penalty to the BIC and AIC factors. Although the final ∆ rms = 0 .36 is relatively small, the low number of DOF of this model suggests that the total mass distribution of this cluster might not be accurately described with the current data.
MACS J1311
MACS J1311 is the cluster with the smallest number of strong lensing constraints presented in this work, having spectroscopic confirmation for only one multiple image family. The other two photometrically selected families show two and three multiple images. Even in the simplest mass model, i.e. one smooth component plus galaxy members, the number of free parameters (eight for the mass distribution and two free redsfhits) is equal to the number of constraints. This strong lensing model has ∆ rms = 0 .88, the highest value in our sample.
Cluster sample mass distribution
In Tab. 5, we see that three out of four of the "gold" clusters prefer a secondary smooth mass component and/or an external shear term. Particularly two clusters, MACS J1931 and MACS J2129, have secondary smooth mass components relatively far from their luminosity centres and with no obvious association to bright galaxy members. Although the inclusion of these extra components is supported by the information criteria, we cannot reconstruct their physical properties very accurately, given the strong lensing data presented here. Better constraints can be obtained with weak lensing data (e.g., Jauzac et al. 2016 Jauzac et al. , 2018 . We remark that in this work we focus on the inner total mass distribution of these clusters, i.e. R < 200 kpc, where the contribution of these secondary mass components represents only a very small fraction of the total. Moreover, we notice that the information criteria favour always cluster mass models where the BCG profiles are scaled according to the relations valid for all other cluster members.
In Figures 6 and 7 , we show the circularly averaged projected total mass (cumulative) and mass density profiles for each cluster for both the "gold" and "silver" samples. For the "gold" sample, we also show the gNFW models, in addition to the reference PIEMD ones. Remarkably, the different mass models provide very similar results in the regions where the multiple images are located. This indicates that, given our good sample of strong lensing constraints, the recovered total mass distribution is mildly sensitive to the specific parametrization of the smooth mass component. Moreover, we show for comparison the total mass distributions obtained by Zitrin et al. (2015) with the PIEMDeNFW and light-traces-mass (LTM) methods. The differences between the results obtained with these last two methods and those presented in this work might be ascribed primarily to the different sets of strong lensing constraints: Zitrin et al. (2015) only had very small number of spectroscopically confirmed multiple images available. The discrepancies between our and previous results are more evident in the very inner regions, i.e. at R < 30 kpc, and become less pronounced at large radii, i.e. at R > 250 kpc. Finally, the smaller number of strong lensing constraints of the "silver" sample ( Figure 7 ) yields larger statistical errors on the recovered total mass distribution. We are able to measure the total mass profiles of the clusters in this sample with a ≈ 2% − 10% statistical uncertainties within 200 kpc from the cluster centres (see Table 4 ). However, these measurements of the "silver" sample are less precise and more likely to be biased than the ones of the "gold" clusters.
In order to compare the total mass profiles of the clusters in our "gold" sample, we use the values of M 200c and R 200c from independent weak lensing measurements (Umetsu et al. 2018) to rescale our total mass and mass density profiles. We remark that weak lensing studies probe the outer regions of the clusters, with the innermost meaningful constraints typically located at R ≈ 300 kpc. In Figure 8 , we show the projected total mass and density profiles of clusters in our sample, after rescaling the mass and physical scale of clusters by these two quantities. We also include in this comparative analysis Abell 1063, MACS J1206 and MACS J0416 from Caminha et al. (2016a Caminha et al. ( , 2017a . The cluster MACS J2129 does not have weak lensing measurements because of the presence of a strong galactic cirrus in its field of view. from independent weak lensing measurements. In addition to the four galaxy clusters with the best strong lensing models presented in this work (i.e., the "gold" sample), we also show the profiles of MACS J1206, Abell 1063 and MACS J0416, the last one is known to be a prominent merging cluster. The vertical lines indicate the distances from the cluster centers of the multiple images belonging to the spectroscopically confirmed families.
one dimensional averaged projected total mass and mass density profiles are remarkably similar. Even MACS J0416, which is a highly asymmetric merging cluster, does not deviate significantly from the overall homologous profiles. Within 10% and 20% of R 200c , we measure a mean projected total mass value for our seven clusters of 0.13 and 0.32 × M 200c , respectively, finding a remarkably small scatter of 5-6 %. At these same radii, for the projected total mass density profiles, we find a mean value of 9.0 and 4.7
, with a slightly larger scatter of 7% and 9%. The observed trend is consistent with the predictions by Diemer & Kravtsov (2014) , according to which dark-matter halos reveal a self-similar behaviour in their inner (or outer) structure when their mass profiles are expressed in units of spherical overdensity radii defined with respect to the critical (or mean) density of the Universe, especially R 200c (or R 200m , see also Umetsu & Diemer 2017) . Since the cluster total mass profiles reconstructed with a gNFW or a PIEMD main mass component are very similar (see Figure 6 ), we conclude that the observed self-similarity does not depend on the specific modeling details.
Conclusions
In this work, we perform a detailed strong lensing analysis of eight CLASH galaxy clusters, making use of extensive spectroscopic information from MUSE and complemented with CLASH-VLT. Our cluster sample spans a range of masses of
14 M (from weak lensing measurements, Merten et al. 2015; Umetsu et al. 2018 ) and redshifts z cluster = 0.23 − 0.59. We use primarily MUSE spectroscopy to build a bona-fide set of strong lensing constraints, i.e. multiple image families, and to have a clean selection of galaxy cluster members. Four lens clusters in our sample have spectroscopic confirmation of more than five multiple image families, defining our "gold" sample, whereas the other four clusters have a limited number of constraints (see Table 4 ). For the "gold" sample, we investigate different mass models with increased complexity and use the BIC and AIK information criteria in order to select our reference models. Given the small number of strong lensing constraints for the "silver" sample, we use there only simple models to describe the cluster total mass distributions. Although we can constrain the total mass profiles of these clusters with ≈ 2% − 10% statistical errors, these last lens models are less precise and more likely to be biased. Therefore, our conclusions on the total mass distributions of the clusters studied in this work are focused only on the "gold" sample. The main results can be summarised as follows: -We build strong lensing models with a bottom-to-top approach, where we have first considered simple unimodal parametrizations and have gradually increased their complexity. In order to choose the reference models with PIEMD profiles for the the smooth components, we use the BIC and AIK criteria to balance the goodness of a fit and the number of free parameters of a model. In our "gold" sample, the models can reproduce well the positions of all multiple images, with values of ∆ rms in the range of 0 .2 − 0 .6. -When testing a pseudo-elliptical gNFW profile for the main smooth mass components, we find that the overall shapes of the reconstructed total mass and mass density profiles are similar to those obtained with a PIEMD profile. This indicates that, with a sufficiently large number of strong lensing constraints, modelling details do not affect the general conclusions on the cluster total mass distributions, supporting the robustness of our results. -When comparing our cluster total mass profiles with those obtained in previous strong lensing analyses, we find some differences in the very inner regions (R < 30 kpc). This might be explained by the smaller sets of strong lensing constraints used in the past, based on a very limited number of spectroscopically confirmed multiple images. -Three out of four clusters in our "gold" sample require a secondary smooth mass component and/or an external shear term. Although the strong lensing constraints cannot provide detailed information on these components, because they are located in the cluster external regions (R 200 kpc) where only a few multiple images are present, their inclusion in the models is favoured by the BIC and AIK criteria. Given their projected distances from the cluster centres, these components do not affect significantly the inner total mass distributions of the clusters in our sample. -In order to compare the total mass profiles of the different clusters in our "gold" sample and in some of our previous analyses, we rescale them using independent weak lensing measurements. Remarkably, we find that all clusters have very similar one-dimensional projected total mass profiles with a small scatter of 5% at R = 0.1R 200c , including MACS J0416 that is a clear merging cluster. This is a noteworthy observational confirmation of the self-similarity of cluster-size halos predicted by cosmological simulations.
The high-quality strong lensing modelling presented in this work adds up to the sample of clusters with accurate total mass measurements in their inner regions (i.e. R < 200 kpc) and constitutes an optimal sample to be compared to N-body and hydrodynamical simulations of clusters. Investigations of the separate dark matter and baryonic mass components (hot-gas and stars, see eg., Annunziatella et al. 2017) in a statistically significant sample of clusters might lead to interesting constraints on the physical nature of dark matter. Moreover, the MUSE data presented in this work and the magnification maps produced by our analyses increase the number of gravitational telescopes with accurate lens models that can be used to study the very faint galaxy population at high redshift.
Finally, we make publicly available all MUSE spectroscopic redshift measurements in the electronic version of this paper. The strong lensing models, i.e. convergence, shear and magnification maps, as well as the lenstool configuration files, will also be made available to the community upon the acceptance of this paper. Table A .1: Median values and confidence levels of the cluster total mass distribution parameters from the MCMC analyses of the reference strong lensing models (see Table 5 ). 
